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Abstract 
This master thesis study is a preliminary investigation of the Säveån River as 
part of the Swedish Geotechnical Institute’s (SGI) landslide risk assessment 
project. The main objectives include building a hydrodynamic model for the 
river, estimating sediment transport along the river, assessing the implications 
for erosion and bank stability and evaluating climate change effects on 
sediment transport. The study section is from downstream Jonsered 
hydropower plant to the outlet at Göta Älv. The model selected for the 
hydrodynamic study is the one dimensional river analysis model HEC-RAS. 
ArcGIS was used in combination with Hec-GeoRAS to map out the river and 
extract cross sections from a Digital Elevation Model (DEM) of the river. 
Steady flow and sediment transport simulations were then done to obtain the 
hydrodynamics and sediment transport of the river respectively. Model 
results revealed schematized cross section 12500 close to the upstream end of 
the study reach to have the most erosion. This section was then used as an 
example to find the loss in slope stability due to sediment transport using the 
model SLOPE/W. Climate change simulations were then done with flow data 
from a simulated period of 2021-2050 and 2069-2098 and compared to a 
reference period of 1963-1992. Results show that sediment transport is to 
increase more than twice moving from the reference period to the period 
2021-2050 and increase again more than twice from this period to the period 
2069-2098 which signifies the end of the century. 
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1 Introduction 
Sediment transport in rivers and streams has been extensively studied since 
the 1950’s, resulting in various models that are being used to date for load 
prediction. The major sources of sediment in natural rivers and streams are 
through overland flow, stream-channel erosion, bank cutting and small 
erosion channels made in unconsolidated soil (Engelund & Hansen, 1967). 
Estimates of transport rates in gravel-bed rivers fall between ones that have 
been developed using formulae and ones that are from sampling campaigns, 
making the former considerably uncertain and the latter more accurate 
(Wilcock, 2001). Along with this, there are also difficulties with field 
measurements which are typically limited in space and time. Some problems 
of significance associated with sediment transport in rivers and streams 
include erosion, deposition and reduction in bank stability. Säveån shows 
signs of bank erosion in some sections which may be attributed to this. In 
order to solve problems of bank stability, quantification of sediment 
transported within the river reach is essential and modelling is typically 
needed due to lack of data. 
 
Erosion and accumulation of sediment in rivers and streams poses risks of 
bank stability due to varying hydraulic and hydrological flow conditions. 
Cohesive riverbanks are the most unstable and their instability due to river 
flow is commonly caused by two processes (Osman & Thorne, 1988). First, 
due to lateral erosion that increases channel bed width resulting in bank 
steepening which consecutively reduces stability and second, due to bed 
lowering that increases bank height also decreasing the stability. The severity 
of each of the processes is a function of bank material properties, bank 
geometry, type of bed material, and flow characteristics (Osman & Thorne, 
1988). Sections of the river prone to instability require geotechnical solutions 
to reduce the risk of collapse due to erosion. Sediment transport prediction 
models aid engineers and planners in determining erosive bank zones to 
provide erosion protection measures. 
 
1.1 Background 
During the period 2009-2011, the Swedish Geotechnical Institute (SGI) has 
carried out a comprehensive landslide risk investigation thereby creating an 
inventory in the Göta Älv River valley (SGI, 2012). It was discovered that the 
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risk for erosion and landslides is already excessive and that it increases with 
climate change. They have since made brief investigations and inventory of 
landslide problems along all of Sweden’s larger rivers. The purpose of this is 
to identify and prioritize the 10 most urgent rivers in need of landslide risk 
mapping, of which Säveån is one. A preliminary assumption is that, the risk 
of landslides is expected to increase with climate change. In 2013, they began 
a pilot study in Norsälven to adapt and streamline the methodology utilized in 
the mapping of the Göta Älv River valley. Additionally SGI prepares 
mapping of Angermanalven, Säveån and Norrström outlet at Lake Malaren. 
Along these watercourses societal need for landslide risk assessment is 
currently of great need. Säveån is now under investigation to provide a basis 
for erosion and landslide risk mapping. 
 
One of several objectives with SGI is to carry out landslide risk assessment 
on ten watercourses in Sweden. The goal is to make it safe to live and travel 
in the country, and provide support to municipalities and county 
administrative boards with climate change adaptation for safer communities 
and sustainable development. The outcome with the work is to obtain general 
landslide risk maps that can be used as a basis for decisions on further more 
detailed investigations. By delineating the risks, it increases the security of 
housing and construction within the vicinity of the watercourses. 
 
Under developed climate models, precipitation will increase in Northern 
Europe, and sea water levels will rise (SGI, 2012). It is required to adapt 
existing buildings and infrastructure to cope with these changes. Moreover, 
society needs to take into account the forthcoming climate change and its 
implications when planning new buildings and infrastructure. 
 
1.2 Objectives 
The purpose of the study is to quantify the sediment transport in Säveån, and 
its implications for erosion and slope stability along the river banks. Spatial 
and temporal variation in the river and sediment transport is studied from 
Jonsered Hydropower Station to the outlet at Göta Älv. Limited 
measurements of the hydrodynamics are available, implying that the river 
flow must be described through a numerical model. Possible effects of 
climate change on the flow and sediment transport will also be investigated.  
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The specific objectives of the project are as follows: 
 
1. Building a hydrodynamic model for the river 
2. Estimating sediment transport along the river 
3. Assessing the implications for erosion and bank stability 
4. Evaluating climate change effects on sediment transport 
 
1.3 Procedure 
Prior to addressing the objectives, a review of appropriate literature on 
sediment transport in rivers with focus on erosive conditions and bank 
stability was performed. Simultaneously, literature on Säveån, focusing on 
the hydrological, geological, sedimentological, and morphological conditions 
was gathered and evaluated in order to gain an understanding of the river and 
its general behavior. Detailed studies on the river flow and the hydrodynamic 
characteristics are of special interest. 
 
Available data from Säveån was compiled and analyzed for improved 
understanding of the river system and in support of subsequent numerical 
modeling. Data of particular value include the river bathymetry (e.g., cross 
sections at various locations along the river), time series flow data, water 
levels, geology and sediment characteristics. 
 
The model HEC-RAS was seen as suitable for carrying out this study. Data 
extraction was made through HEC-GeoRAS, which is a combination of tools 
designed to extract spatial data from ArcGIS (Ackerman, 2012). The model 
was developed to simulate one-dimensional steady flow, unsteady flow, and 
sediment transport/mobile bed computations in rivers (Brunner, 2010). 
Although the model is one-dimensional, it can describe complex river cross 
sections and their variation along the river. The sediment transport capability 
of the model was tested to simulate the sediment transport and its effect on 
the river bed and banks based on the hydrodynamics computed by HEC-RAS. 
 
The bank stability due to erosion in time observed due to sediment transport 
simulations done in HEC-RAS were calculated using the geotechnical 
software SLOPE/W and eventually flow variation due to climate change 
scenarios were studied. 
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Finally, the climate change effects to the sediment transport were studied by 
simulating climate change data in HEC-RAS and comparing that to climate 
data from a reference climate period. 
 
1.4 Report content 
The main content of the report starts from Chapter 2 and introduces the 
Säveån, giving its geography, climate, catchment area, flow characteristics, 
geology and geomorphology, sediment transport, bank erosion and slope 
failure along the river. Chapter 3 gives the theory behind river sediment 
transport including basic processes, mechanisms of sediment transport, 
morphological evolution, bed and bank erosion and slope failure. 
Furthermore, Chapter 4 gives an overview of the model HEC-RAS, its 
hydrodynamic capabilities in simulating water levels, flow and sediment 
transport and morphological change. Chapter 5 highlights the data used for 
the study which is the flow, water levels and sediment data. Model 
simulations are given in Chapter 6 and includes topics on the sensitivity 
analysis, flows and water levels during extreme events, annual sediment 
transport along the river, river stretches sensitive to long-term erosion, 
implications of erosion for bank stability and slope failure and climate change 
effects. And finally, Chapter 7 and 8 wrap up with the discussion and 
conclusion respectively. 
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2 Säveån River 
2.1 Geography 
The Säveån is located in the south west of Sweden within the Västra 
Götaland County, and flows upstream from north of Borås all the way 
downstream to the old city of Gothenburg. The river discharges to the Göta 
Älv and finally discharging into the Kattegat Sea. Figure 2.1 shows the 
position of the river within Sweden, and zooms in to the catchment. 
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Figure 2.1: The figure on top shows Sweden (Sverige) from the map of the Nordic countries 
and on the bottom shows the study area zoomed in to show the delineated Säveån river 
catchment © Lantmäteriet, Dnr: I2014/00579 
 
2.2 Climatology 
The climate in the Västra Götaland County is marked by the maritime 
influence due to the proximity of the Atlantic and influence of the westerly 
winds. This means relatively cool summers and mild winters with relatively 
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high humidity. The sea and its ability to store heat evens out the temperature 
variations between the seasons and between day and night.  
Figure 2.2 and Figure 2.3 show the monthly average temperatures and 
precipitation respectively for the period 1961 to 1990 to illustrate the climate 
of the study area. 
 
 
 
Figure 2.2: Average Monthly Temperatures (°C) for the period 1961-1990 for stations 
Vinga, Borås and Bastorp in the Västra Götaland County (Persson, et al., 2011) 
 
In the coastal area the average annual temperature maximum, represented 
here by Vinga is 7.7°C. In Boras, as this may represent the interior, the mean 
annual temperature is 6.1°C, while Bastorp in the northwestern part of the 
county the annual mean temperature 5.3°C. During the summer, the 
temperature difference is relatively small but the winter includes sea-leveling 
influence. The average temperature for December is 4 degrees lower in 
Bastorp compared to Vinga (Persson, et al., 2011). 
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Figure 2.3: Average Monthly Precipitation (mm) for the period 1961-1990 for the stations 
Vinga, Borås and Lanna in the Västra Götaland County (Persson, et al., 2011) 
 
The estimated annual precipitation is about 800 mm along the coast but 
increases inland to about 1000 mm and decreases again to around 700 mm 
around Lake Vänern (Persson, et al., 2011). Figure 2.3 gives the yearly 
average precipitation for Vinga as 631 mm, 976 mm for Borås and 559 mm 
for Lanna. 
 
2.3 Catchment area 
Säveån is the largest tributary that feeds into Göta Älv. The source for the 
river is Lake Anten and Lake Säven in the north of Borås. The catchment 
area measures approximately 1475 km
2
 and extends over ten municipalities 
(Göta älvs vattenvårdförbund, 2006). In comparison to other catchment areas 
like Lärjeån and Mölndalsån that feed into Göta Älv, Säveån is 
approximately thirteen and five times bigger respectively and discharges 
correspondingly higher flows. The river passes through Lakes Mjörn, 
Sävelången and Aspen and finally flows into the city of Gothenburg, 
discharging into Göta Älv. 
 
The catchment represents an important natural and recreational area with an 
ecosystem that is protected (Göta älvs vattenvårdförbund, 2006).  
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Figure 2.4 shows the Säveån catchment area. Starting upstream at Lake 
Anten and Säven respectively, the river combines at Lake Mjörn and flows 
down to Lake Sävelången. It then flows to Lake Aspen and finally down to 
Göta Älv which discharges to Kattegat Sea. 
 
 
Figure 2.4: Säveån River catchment showing the river network and associated lakes 
(Länsstyrelserna Västra Götalands Län, n.d.) 
 
The predominant land use is woodland and arable lands occupying 57% and 
10.8% of the area respectively. Other land uses include logging (1.9%), peat 
land (3%), lakes (10.1%), pastures (4%), buildings (5.1%) and others (8.1%). 
The river is also known for extensive recreational fishing with mostly salmon 
(Göta älvs vattenvårdförbund, 2006). 
 
The modelled stretch i.e. from downstream Jonsered hydropower station to 
the outlet at Göta Älv was selected due to availability of continuous river 
bathymetry data. The data was available for the whole section, in contrary to 
further upstream which had sections that this data could not be collected due 
to ecological reasons. This was then taken as the suitable stretch for testing 
the model and performing method development. 
 
G
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2.4 Flow characteristics 
The average flow for the whole river is about 18 m
3
/s but the data gave flows 
to a maximum of 108 m
3
/s and minimum of 1 m
3
/s. However, the average 
flow of 24 m
3
/s is used for the study since it is the flow that covers the study 
area that extends only from Jonsered to the outlet at Göta Älv. The reason 
behind this value is that it is an average of the flow data from 2006 to 2010 
used in this study. This stretch was selected mainly due to consistency in 
bathymetric data that covers the whole stretch as opposed to further upstream 
that has missing data. Between Floda and Lerum, is a head difference of 
about 40 meters favoring hydropower production in some places (Göta älvs 
vattenvårdförbund, 2006). Notable hydropower plants starting upstream 
include Solveden with 1240 kW, Floda with 360 kW, Hillefors with 160 kW, 
Hedefors with 2800 kW and Jonsered with 2357 kW of installed power 
(Jersby, 2007), as seen in Figure 2.5. 
 
 
Figure 2.5: Hydropower plants along Säveån River, starting upstream with Solveden to 
downstream with Jonsered (Länsstyrelserna Västra Götalands Län, n.d.) 
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2.5 Geology and geomorphology 
The principal soil is dominated by clayey sediments (cohesive sediments) 
with elements of sand, silt and glacial fluvial deposits. Most of the surficial 
sediments are post glacial, settled in a marine environment and many 
interesting landscapes have been created along the river as canyons are 
formed when it cuts down the clay sediments (Göta älvs vattenvårdsförbund, 
1973-2004). Geological and geomorphological surveys along the Säveån 
watercourse were carried out by the Swedish Geological Survey (Sveriges 
geologiska undersökning, SGU) as part of the landslide risk mapping by SGI. 
The surveys were carried out between Gothenburg and Nääs Castle just 
upstream of Lake Sävelång (Engdahl & Påse, 2014). 
 
The bedrock morphology entails of a rift valley that is particularly affected 
by developments during the Mesozoic geological era 245 – 65 million years 
ago (Lidmar-Bergström, 1998). The mountain is chipped rift and follows a 
clear pattern as seen in Figure 2.6. Central to the figure is the Göta fault 
oriented north-south and can be traced from Vänern to Kungsbacka. There 
are also canyons that are oriented roughly east-west and forms Säveån valley 
and parts of Lärjeåns and Mölndalsåns valleys (Engdahl & Påse, 2014). 
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Figure 2.6: Areas below and above the highest coastline and lakes lying over the highest 
coastline. The map shows the distribution of sea and country about 13,500 years ago 
(Engdahl & Påse, 2014) 
 
The westernmost parts of Säveån valley became ice-free around 14,500 years 
ago. Lerum was ice free about 14,000 years ago and the western part of the 
lake Sävelången became ice-free about 13 700 years ago (Engdahl & Påse, 
2014). 
 
There are sediment plans of different ages occurring along the Säveån. The 
oldest and highest surfaces exhibit traces of severe erosion while the younger 
lower located surfaces are almost completely intact and in some cases are 
marked by very young sediments. This makes it easier to divide the valley 
into different areas to understand the layout better. SGU therefore divided the 
valley section between Gothenburg and Lake Sävelången into six different 
environmental zones based on soils, soil depth and erosion conditions as 
given in Figure 2.7 (Engdahl & Påse, 2014). 
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Figure 2.7: Subdivision of the Geological environmental zones along Säveån western part 
(Engdahl & Påse, 2014) 
 
From the figure, area 1 is located downstream where the Säveån discharges to 
Göta Älv, and consists of a clay layer of up to about 90 m of which 10 m is 
post-glacial clay. Also, a large part of the area is populated with industries, 
storage buildings and multi-family residents resulting in the clay being 
covered with aggregate. Area 2 stretches between Gamlestaden and just west 
of Kåhog and forms fine-grained soils (mostly post-glacial) with a flat plane 
between 3 to 10 m above sea level. Area 3 covers the stretch between Kåhog 
and Jonsered and consists of post-glacial sand and glacial clay in the soil 
surface. The topography is hilly and there are some steep slopes down against 
Säveån in which landslide and ongoing erosion occurs. Area 4 covers the 
outcrops of the north of Lake Aspen and the moraine south of the lake. In the 
side valley to the north is glacial clay that has traces of ravines and small 
landslides. The thickness of the clay is believed to be 10-20 m in this area. 
Southeast of Lake Aspen is post-glacial clay with no traces of landslides and 
ravines. Area 5 is between Lerum’s northeastern part and Floda and here 
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Säveån has eroded from the post-glacial sand to the underlying glacial clay. 
The thickness of the soils is greatest closest to Lerum center reaching about 
30-50 m. Traces of ravines and landslides are visible, as well as ongoing 
erosion in slopes down towards the river. In area 6 along Lake Sävelång 
beaches are glacial clay with an estimated thickness of 5-10 m. Clay soils are 
leaning slightly towards the lake, and only a few canyons and landslides 
occurs in this area (Engdahl & Påse, 2014). This study only covers the river 
stretch within area 1, 2 and 3. 
 
2.6 Sediment transport, bank erosion and slope failure 
Sediment transport and erosion is still not taken as a severe environmental 
degradation in Sweden, except on a local scale for example agricultural lands 
and vegetation removal as a result of construction activities. The reason for 
this is the small amounts of erosion that are caused by small intensities of 
rainfall and snowmelt (Brandt, 1990). 
 
As stated earlier, the major sources of sediment in natural rivers and streams 
are through overland flow, stream-channel erosion, bank cutting and small 
erosion channels made in unconsolidated soil (Engelund & Hansen, 1967). 
The focus of this study is on the sediment derived from channel erosion, i.e. 
sediment coming from bed and banks of the river and therefore contribution 
from overland flow is not included. 
 
In the Säveån, no measured data for the sediment transport exists, but the 
river shows clear signs of erosion as seen in Figure 2.8 which shows one of 
the eroded zones within the study area. Channel erosion within the study area 
is most visible at area 3 of Figure 2.7. The eroding banks are clear signs of 
erosion due to sediment transport. The link between the erosion due to 
sediment transport and slope stability will be the focus of this study. 
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Figure 2.8: Säveån River within the study section showing erosion of the banks (Photo by 
Gasper Sechu) 
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3 River Sediment Transport 
3.1 Basic processes 
Sediment transport in rivers comes in one of three forms namely bedload, 
suspended-load or wash load transport. The bedload transport is essentially 
movement of sediment particles (rolling or sliding) along the bottom of the 
river. With bedload transport, the shear stress is of importance due to 
sediment contact with the bottom of the river surface. Suspended load is the 
part of sediment particles that is suspended within the water column. This is 
part of the load that was once bedload but due to increased shear stress and 
initiation of motion, the sediment particles are lifted and suspended in the 
water column. The particles are sustained by turbulence which in turn 
develops sediment concentration profiles. Finally, the wash load is the 
portion of sediment that is carried by the river flow such that it remains in 
suspension or close to the water surface. Figure 3.1 below gives an 
illustration of sediment bedload and suspended load due to incipient motion. 
 
 
Figure 3.1: To the left is the sediment bedload and the right is the suspended load due to 
initiation of motion (Camenen & Larson, 2007) 
 
3.2 Mechanics of sediment transport 
In sediment transport studies, it is always crucial to first reflect on the flow 
condition in which particles start to move, this is known as incipient motion. 
The incipient motion can be obtained from a balance of forces or moments 
derived from the forces (Figure 3.2) acting on a sediment particle at the 
bottom of the river (Yang, 1977). It is always important to separate the shear 
stress generated by the flowing water and the shear stress required to move 
the sediment grain, when the former exceeds the later transport occurs. At 
incipient motion, the sediment particle exhibits bedload transport, it is with 
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additional stress and turbulence that the particle is lifted to exhibit suspended 
load transport. 
 
 
Figure 3.2: Sediment particle at the bottom of the river bed with forces acting (Yang, 1977) 
 
The forces or moments can be obtained by the shear stress or the velocity 
approach. By the shear stress approach, the shear stress occurring at the bed 
of the open channel is the tug of water on the wetted perimeter. For a uniform 
flow, this can be expressed as follows: 
 
 𝜏 = 𝛾𝑅𝑆 (3.1) 
Where:  
𝜏 = average shear stress (Pa) 
𝛾 = specific unit weight of water (N/m3) 
𝑅  = hydraulic radius (m) 
𝑆  = surface slope of water 
 
The most widely used analyses for incipient motion are derived from the 
shear stress approach; these are Shields (1936) and White (1940). Shield’s 
diagram approach (Figure 3.3) is used in HEC-RAS for particle incipient 
motion. 
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The velocity approach on the other hand has been tried out experimentally 
and works on the principle that the drag acting force on a particle is 
comparative to the square of the relative velocity between the fluid and 
particle. Neil (1967), Bogardi (1968) and Yang (1973), amongst others have 
developed various equations for the incipient motion based on the velocity 
approach. 
 
3.3 Morphological evolution 
Morphological evolution of rivers and streams is the change of the shapes of 
rivers and streams with time. This is mainly caused by the gradients in the 
sediment transport rate that yield erosion and deposition within a river reach. 
Exner (1920) and (1925) was the first to formulate quantitatively the 
morphodynamic problem in quantitative terms. Figure 3.4 illustrates mass 
conservation of a unit width of a river bed with x denoting the flow direction. 
From the figure, 𝜂 is the bed elevation, 𝑞𝑏  is the volume transport rate of 
bedload sediment per unit width per unit time, 𝐷𝑠 is the deposition rate and 
𝐸𝑠 is the erosion rate (Chaudhry, 2008). 
 
 
Figure 3.4: Mass conservation at the river bed (Chaudhry, 2008) 
 
This can be expressed mathematically through an equation known as the 
Exner equation and is given as: 
 
 
(1 − 𝜆𝑝)
𝜕𝜂
𝜕𝑡
= −
𝜕𝑞𝑏
𝜕𝑥
+ 𝐷𝑠 − 𝐸𝑠 
(3.2) 
Where: 𝜆𝑝 = the bed porosity in the control volume 
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The Exner equation can be used to describe erosion and deposition using the 
gradient in the sediment volume transport rate such that 
 
- For erosion to occur: 
 𝜕𝑞𝑏
𝜕𝑥
> 0 
(3.3) 
- And for deposition to occur: 
 𝜕𝑞𝑏
𝜕𝑥
< 0 
(3.4) 
 
3.4 Bed and bank erosion 
Erosion is a natural and important part in a natural system. However, it 
becomes a problem in areas that people have settled leading to anthropogenic 
activities that disturb the pristine environmental system. The erosion of a 
river or stream bed (also known as scour) and banks can also be associated 
with sediment transport. Different river geometry features play a part in the 
erosion and deposition of sediment. Velocity gradient plays a part in the 
erosion of the bed and banks such that: 
 
 
 𝑑𝑉
𝑑𝑥
≥ 0 →
𝑑𝑞𝑏
𝑑𝑥
> 0 → 𝐸𝑟𝑜𝑠𝑖𝑜𝑛 
(3.5) 
Where: 𝑉 = flow velocity 
 
This can be described as, when the velocity gradient is greater or equal to 
zero, it then implies that gradient of the volume transport rate is greater than 
zero, which has the effect of erosion along that stretch. 
 
In addition to this, in river meander bends transversal currents occur such as 
spiral currents which affect the velocity gradients, the transport rate and 
therefore the erosion. Meander bends are the sections of the river that the 
prevailing direction of velocity is not necessarily in the x-coordinate. But 
since HEC-RAS is a one dimensional flow model, it assumes the primary 
component of velocity in the x-coordinate (Kasper, et al., 2005). 
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Bank erosion is most evident in river bends during the formation of meanders. 
When flow goes around a bend, sediment is eroded on the outer part at the 
same time deposited on the inner part. Continual ongoing of this coupling 
process forms meanders that become more and more pronounced until at one 
point the river short circuits by finding a shorter path through bypassing the 
meander and a new formation known as an oxbow lake is formed as seen in 
Figure 3.5. 
 
 
Figure 3.5: Formation of meanders (center) and an oxbow lake (right) due to erosion and 
deposition in a river bend (Schieber, n.d.) 
 
3.5 Slope failure 
To determine the risk of slope failure, we must study slope stability, which is 
sometimes expressed as the forces acting on the slope. The forces in play are 
driving forces which act to move the earth material down the slope and 
resisting forces which oppose the movement. The most common driving 
force is the downslope component of the weight of the slope material, 
including anything superimposed on the slope e.g. structures, vegetation or 
fill material. The most common resisting force is the strength, or resistance to 
failure by sliding or flowing, of the slope material acting along potential slip 
planes (Keller, 2011). 
 
Common failure in slopes includes plane, wedge, toppling, rockfall and 
rotational (circular or non-circular) (Figure 3.6). Plane, wedge, toppling and 
rockfall are common in rock formations and the main controlling factor is the 
orientation and spacing of discontinuities in the planes with respect to the 
slope face. Rotational failures (circular or non-circular) are common in 
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materials such as soils, mine dumps, heavily jointed or fractured rock mass 
and very weak rocks. The key controlling factor for these failures is the 
material properties, water content and foundation strength (Rai & Singh, n.d.). 
Since the soil in the Säveån is mostly clay, rotational slope failure is used. 
 
 
Figure 3.6: Common types of slope failures ( (Rai & Singh, n.d.) 
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4 HEC-RAS model 
4.1 Model overview 
The Hydrologic Engineering Center’s River Analysis System (HEC-RAS) is 
a one dimensional river analysis model that can make calculations for steady, 
unsteady flow, sediment transport or water temperature modelling (Brunner, 
2010). The model can perform calculations for both prismatic and natural 
channels. It is free software that has been developed by the US Army Corps 
of Engineers to aid water engineers and planners. 
 
The river analysis components within HEC/RAS include steady flow water 
surface profile computations, unsteady flow simulations, sediment transport 
simulations and water quality analyses. A common factor for all the four 
simulation routines is that all adopt the same geometric representation of the 
river system. Additionally, the model contains some hydraulic design features 
that can be used once the water surface profiles are computed (Brunner, 
2010). For the current study, the model was utilized to perform steady flow 
simulations and sediment transport computations. The two features are 
explained in the following subsections. 
 
4.2 Water level and flow 
4.2.1 Steady flow water surface profiles 
The water surface profile is calculated from one cross section to the other 
through the Energy equation using an iterative procedure known as the 
standard step method. The energy equation taken at point 1 and 2 is given as 
follows: 
 
 
𝑍2 + 𝑌2 +
𝑎2𝑉2
2
2𝑔
= 𝑍1 + 𝑌1 +
𝑎1𝑉1
2
2𝑔
+ ℎ𝑒 
(4.1) 
 
Where: 𝑍1, 𝑍2 = elevations of the main channel inverts 
𝑌1𝑌2   = water depth at cross section 1 and 2 respectively 
𝑉1𝑉2 = average flow velocities 
𝑎1𝑎2 = velocity weighting coefficients 
𝑔 = acceleration due to gravity 
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ℎ𝑒 = energy head loss 
 
The terms of the energy equation are depicted in Figure 4.1. 
 
 
Figure 4.1: Depiction of the energy terms (Brunner, 2010) 
 
Energy losses consist of frictional losses as well as contraction or expansion 
losses. The energy head loss is given as follows:  
 
 
ℎ𝑒 = 𝐿𝑆?̅? + 𝐶 |
𝑎2𝑉2
2
2𝑔
−
𝑎1𝑉1
2
2𝑔
| 
(4.2) 
Where: 𝐿  = discharge weighted reach length 
𝑆?̅? = Characteristic friction slope between cross sections 
𝐶 = Expansion or contraction loss coefficient 
 
The distance weighted reach length, L is computed as: 
 
 
𝐿 =
𝐿𝑙𝑜𝑏?̅?𝑙𝑜𝑏 + 𝐿𝑐ℎ?̅?𝑐ℎ + 𝐿𝑟𝑜𝑏?̅?𝑟𝑜𝑏
?̅?𝑙𝑜𝑏 + ?̅?𝑐ℎ + ?̅?𝑟𝑜𝑏
 
(4.3) 
Where: 𝐿𝑙𝑜𝑏 , 𝐿𝑐ℎ, 𝐿𝑟𝑜𝑏 = reach lengths for cross sectional flow in the left 
overbank, main channel and right overbank 
?̅?𝑙𝑜𝑏, ?̅?𝑐ℎ, ?̅?𝑟𝑜𝑏 = mean of the flow between sections for the left 
overbank, main channel and right overbank 
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The friction slope is calculated as: 
 
 
𝑆?̅? = (
𝑄1 + 𝑄2
𝐾1 + 𝐾2
)
2
 
(4.4) 
Where: 𝑄1,𝑄2 = flows at the two cross sections (which is the same for steady 
flow) 
𝐾1, 𝐾2   = conveyance at the two cross sections which is given as: 
 
 
𝐾 =
1
𝑛
𝐴𝑅2 3⁄  
(4.5) 
Where: 𝑛  = manning’s coefficient of roughness 
𝐴 = cross sectional flow area 
𝑅 = Hydraulic radius 
 
Finally, for steady flow, the continuity equation is used as well in solving for 
the velocity and water surface profile. This states that the flow at any section 
is constant and is given mathematically as: 
 
 𝑄 = 𝐴𝑉 (4.6) 
Where: 𝑄  = river flow 
𝐴 = sectional area 
𝑉 = flow velocity 
 
Values for flows are needed for each cross section in order calculate the 
water surface profiles. These should be specified from upstream to 
downstream for each reach. For a given river system, at least one value of 
flow should be entered for each reach. For steady flow, when a flow value is 
entered, it stays constant until another value is encountered within the same 
reach (Brunner, 2010). 
 
4.2.2 Boundary condition for steady flow 
Boundary conditions are required to form initial water surfaces profiles at the 
extremes of the river system (upstream and downstream). Three flow regimes 
are possible in steady flow simulations namely subcritical, supercritical and 
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mixed.  In a subcritical flow profile, boundary conditions are only essential at 
the downstream end of the river. For a supercritical flow profile, boundary 
conditions are essential at the upstream end and for a mixed flow profile, they 
must be entered at both upstream and downstream ends of the river reach 
(Brunner, 2010). Boundary conditions in a steady flow profile include: 
 
 Known water surface elevations, 
 Critical depth, 
 Normal depth, and 
 Rating curve 
 
4.3 Sediment transport and morphological change 
There is a lot of uncertainty to sediment modelling in HEC-RAS due to 
uncertainty in the data for bed change calculation and the empirical nature of 
applied functions which are highly sensitive to physical variables (Brunner, 
2010). Data required in simulating a mobile bed change in HEC-RAS 
includes the river geometric data, a quasi-unsteady flow plan which also 
includes temperature data and sediment data. The geometric data essentially 
consists of the river topology, cross section bathymetry, river banks and any 
other hydraulic structures present in the river system. The calculation 
procedure for sediment transport in HEC-RAS can be schematically 
described as follows: 
 
4.3.1 Quasi-unsteady flow 
HEC-RAS uses hydrodynamic simplifications for mobile bed transport by 
implying a quasi-unsteady flow assumption rather than an unsteady flow 
which would take a longer computation time. The quasi-unsteady flow 
technique applies a series of discrete steady flow profiles which remain 
constant for given time intervals. In the future it has been planned to release a 
version of the sediment model that uses unsteady flow procedure to 
approximate the mobile bed transport. The steady flow profiles are further 
divided into three time steps for sediment transport calculations, the flow 
duration, the computation increment, and the mixing time step. (Brunner, 
2010). 
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4.3.2 Calculation time steps 
The flow duration time step is the biggest time step and depicts the time 
length over which stage, flow, temperature or sediment loads are taken as 
constant. For example if the discharge data was collected at daily intervals, 
the flow duration will be 24 hours unless the data consists of smaller time 
steps that were interpolated (Brunner, 2010). 
 
The flow duration is divided further to get the computation increment. This is 
the time step that the hydrodynamics and bed geometry are updated. It can be 
sensitive to the model and lead to instability since the bed geometry is only 
updated at the end of the time step. If it is too long, the bed geometry will not 
be updated as frequent and can lead to varying results (Brunner, 2010). 
Figure 4.2 shows the depiction of the two time steps as used in HEC-RAS 
mobile bed computations. 
 
 
Figure 4.2: The quasi-unsteady flow series showing the flow duration and computation 
increment time steps (Brunner, 2010) 
 
The computation increment is also divided into the bed mixing time step. In a 
mixing time step within a computation increment, the hydraulic parameters, 
bathymetry and transport potential remain the same. Changes that take place 
are the calculations for the sediment erosion and accumulation (Brunner, 
2010). 
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4.3.3 Sediment continuity 
The HEC-RAS sediment model uses the Exner equation as given below: 
 
 
(1 − 𝜆𝑝)𝐵
𝜕𝜂
𝜕𝑡
= −
𝜕𝑄𝑠
𝜕𝑥
 
(4.7) 
 
Where: 𝐵  = channel width 
𝜂 = channel elevation 
𝜆𝑝 = porosity of the active layer 
𝑡 = time 
𝑥 = distance 
𝑄𝑠 = conveyed sediment load 
 
The equation uses the principle of mass conservation in a given control 
volume for solving the sediment continuity equation, it implies that the 
change of sediment volume that enters a control volume, equals the 
difference between incoming and outgoing sediment loads. The control 
volume is taken at each cross section and the principle works by comparing 
transport capacity to supply of sediment. If the former is greater than the 
latter it then results in sediment deficit viewed as eroding beds. Vice versa 
gives a sediment surplus leading to accumulation. 
 
4.3.4 Transport functions 
Various transport functions exists in HEC-RAS and can be chosen according 
to specific needs. The most common parameter for selection of a transport 
function is the distribution of the grain size from a sieve analysis. This is 
because the transport functions have been developed for a range of grain size 
applications. There are seven different transport functions to choose from, 
and these are: 
 
 Ackers and White (1973) 
 Engelund Hansen (1967) 
 Laursen-Copeland  (Copeland & Thomas, 1989) 
 Meyer-Peter & Müller (1948) 
 Toffaleti (1968) 
 Yang (1973) and (1984) 
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 Wilcock (2001) 
 
The transport function adopted for this study is the Meyer-Peter Müller which 
is based on experimental data and has years of use for rivers with coarse 
sediments. The principle is that the transport rate is proportional to the 
difference between the mean shear stress acting on the grain and the critical 
shear stress. The applicable range of particle sizes is 0.4 to 29 mm and can be 
used for well-graded sediments (Brunner, 2010). But due to the nature of fine 
sediments within the river, along with Meyer-Peter Müller, an approach for 
estimating sediments within the silt and clay sized ranges known as Krone 
(1962) and Parthenaides (1962) was used. 
 
The equation for Meyer-Peter Müller is given as: 
 
 𝑞𝑏
∗ = 8(𝜏∗ − 𝜏𝑐
∗)3 2⁄     ,     𝜏𝑐
∗ = 0.047 (4.8) 
Where: 𝑞𝑏
∗     = dimensionless volume bedload transport rate per unit channel 
width (Einstein number) 
𝜏∗ = dimensionless boundary shear stress (Shields number) 
𝜏𝑐
∗ = dimensionless critical shear stress 
 
Krone and Parthenaides experiments combine deposition and erosion 
respectively using the assumption that cohesive particles are too small that 
their behavior is primarily influenced by surface forces rather than gravity. 
Krone deposition’s fundamental concept is that a floc will stick to the bed 
contrary to sand and gravel that sink to the bed. Likewise, Parthenaides 
erosion observes whether the bed shear stress is adequate to overcome the 
electrochemical forces holding the grains together instead of using the bed 
shear stress capability to lift a grain particle off the bed. These two functions 
are used in HEC-RAS to calculate the deposition and erosion of cohesive 
sediments (Brunner, 2010). The Krone and Patheniades functions are given 
below respectively with subscript  𝑑  and 𝑒  representing deposition and 
erosion: 
 
 
(
𝑑𝐶
𝑑𝑡
)
𝑑
= − (1 −
𝜏𝑏
𝜏𝑐
)
𝑉𝑠
𝑦
 
(4.9) 
Where: 𝐶 = concentration of sediment 
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𝑡 = time 
𝜏𝑏 = bed shear stress 
𝜏𝑐 = critical shear stress for deposition 
𝑉𝑠 = fall velocity 
𝑦 = water depth 
 
 
(
𝑑𝑚
𝑑𝑡
)
𝑒
= 𝑀 (
𝜏𝑏
𝜏𝑐
− 1) 
(4.10) 
 
Where: 𝑚 = mass of material in the water column 
𝑀 = empirical erosion rate for particle scour 
Other variables as in deposition function 
 
The two functions combine together to form part of the general basis that 
controls transport of cohesive sediments within three hydrodynamic states 
namely deposition, particle erosion and mass erosion (Figure 4.3). These 
states are separated by two threshold shear stresses, the critical shear 
threshold for particle erosion (𝜏𝑐) and the critical shear threshold for mass 
erosion and these are specified by the user in HEC-RAS (𝜏𝑚 ) (Brunner, 
2010). 
 
 
Figure 4.3: Cohesive sedimentation zones as a function of shear stresses (Brunner, 2010) 
 
The threshold values specified for this project were obtained from 
compilations done by Partheniades (2010) from his previous experiments on 
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erosion of cohesive soils. These were done with mud from the San Francisco 
Bay similar to the one’s used in Krone’s (1962) studies using flume 
experiments. The results are summarized in Figure 4.4 which gives the two 
types of beds that were tested i.e. series I and series II. Series I beds are 
placed beds with natural water content and series II beds are deposited beds 
created by deposition and consolidation of suspended sediments at low 
velocities. Series II was more applicable for the use of this project since 
sediments in river flow are deposited and consolidate naturally when flow 
reduces. 
 
 
Figure 4.4: Shear stress rate of erosion for dense bed of San Francisco Bay mud 
(Partheniades, 2010, p. 197) 
 
Using the Partheniades erosion model in Figure 4.4, the values for τc and τm 
used in the HEC-RAS model were 0 and 1.5 N/m
2
 respectively and therefore 
corresponding erosion rates of 0 and 0.001 grams/cm
2
/hour for the particle 
erosion and mass erosion thresholds respectively. 
 
4.3.5 Fall velocity 
Meyer-Peter Müller transport function does not use fall velocity but it is used 
in Krone’s deposition. Fall velocity theories usually start with an initial 
assumption of force balance on a particle falling freely in a water column, 
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taking an upward drag force and a downward gravitational force corrected for 
buoyancy. There are four options for fall velocity methods in HEC-RAS 
which are Rubey, Toffaleti, Van Rijn and Report 12. 
 
Rubey avoided the initial assumption, had an initial guessed property and 
created a simple analytical equation for the fall velocity. Toffaleti on the 
other hand created empirical curves using the initial force balance 
dependency. Van Rijn started off with Rubey as an initial assumption and 
calculated fall velocity using experimental curves that are founded on the 
Reynold’s number. Lastly, Report 12 uses iterative results that are derived 
from the Van Rijn curves (Brunner, 2010). For this study, the Rubey fall 
velocity was used since it has been shown to be adequate for silt, sand and 
gravel grains (Brunner, 2010). 
 
4.3.6 Sorting method 
HEC-RAS has included two algorithms to mimic the bed sorting and 
armoring namely Exner 5 and Active Layer Method, see Figure 4.5. Exner 5 
is a three layer mixing method which is the default in HEC-RAS and the 
Active Layer Method is a simpler two layer mixing method. For this study, 
Exner 5 was adopted. 
 
 
Figure 4.5: Section through the two mixing layers for the sorting and armoring in HEC-RAS 
(Brunner, 2010) 
 
4.3.7 Boundary conditions for sediment transport 
Sediment boundary conditions included with HEC-RAS include rating curve, 
sediment load series and equilibrium load. Rating curves give the sediment 
load with the corresponding flow at the point of measurement and can be 
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used for cross sections with available sediment and flow measurements. 
Sediment load series on the other hand is a sediment load that is not tied to a 
flow boundary. Since this boundary is not tied to a flow, measured sediment 
load can be used in any of the cross sections except the downstream one. And 
equilibrium load is a condition set that sediment load equals the capacity and 
due to this there will be no aggradation or degradation at the particular cross 
section. Due to lack of sediment data for the Säveån and a pre-requisite of an 
upstream boundary, this was set as an equilibrium load boundary. 
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5 Data used for the study 
5.1 Flow data as upstream boundary 
The model HEC-RAS requires upstream or downstream boundary conditions 
depending on the simulations that are being run. The flow data for the study 
section is obtained from a gaging station downstream of the hydropower 
station Jonsered. The data has been logged in by the Swedish energy 
company Vattenfall at a 12 hour intervals. The range acquired for the study is 
from 2006-01-10 to 2010-12-31, and varies significantly such that the 
minimum, mean, median and maximum values are 1, 24, 20 and 108 m
3
/s 
respectively, due to seasonal changes and flooding events as visualized in 
Figure 5.1. Various flooding events are recorded by the graph, but a 
particular flooding event occurred around December 2006 that was not 
properly registered by the gaging station due to over toppling of the 
measuring gauge, giving flow values less than what actually occurred. 
 
Figure 5.1: Time series river flow data for Säveån taken at a gaging station downstream of 
Jonsered hydropower station used as the upstream boundary condition for the study section 
 
Table 5.1 gives the total yearly runoff and mean flow volume computed from 
the Säveån flow data. The data revealed that the year 2008 had the most flow 
and the year with the least flow was 2009. 
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Table 5.1: Total yearly runoff volume and mean flow for the Säveån study section 
Year Total Runoff (m
3
/year) Mean Flow (m
3
/s) 
2006 826,044,524 27 
2007 782,026,813 27 
2008 1,047,331,531 33 
2009 513,939,531 16 
2010 585,406,917 19 
 
The gaging station also gives water level and river flow relationships (flow 
rating curve). Figure 5.2 shows a flow rating curve generated from plotting 
all water levels versus flow for the whole time series and this is based on 
measurements done in the early 20th century. However, the building of 
bridges, erosion protection, etc., may have affected the relationship between 
the two, which may explain the dots outside the curve. 
 
 
Figure 5.2: Flow rating curve for the gaging station just downstream of Jonsered 
hydropower station 
 
The flow data is used as input for the upstream boundary of the HEC-RAS 
model. The flow mean, maximum and entire time series is used in the 
simulations for different purposes. 
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5.2 Flood frequency analysis 
Flood frequency analysis was done using the upstream flow data from 
Jonsered, to determine the 50 and 100 year return period floods to be used in 
the simulation of the hydrodynamics and sediment transport. Since data was 
available from 2006 to 2010, only five annual peak flows were available for 
this. The analysis was done using the Gumbel distribution given in Figure 5.3. 
Gumbel probability distribution has been widely used in the prediction of 
hydrological maximum events due to its prediction accuracy. 
 
 
Figure 5.3: Gumbel extreme flood analysis for flows from year 2006 to 2010 
 
The five maximum flow data were extrapolated in the Gumbel paper to get 
estimates of discharges at the required return periods. The flood frequency 
analysis predicted 150 m
3
/s for the 50 year return period and 160 m
3
/s for the 
100 year return period, as visible from Figure 5.3, which will further be used 
for simulations in HEC-RAS. These values can be compared to a flooding 
study conducted on the Säveån, which gave 123 m
3
/s for the 50 year return 
period and 135 m
3
/s for the 100 year return period with today’s climate, a 
difference that can be due to the deficit of data (Norconsult AB, 2015). 
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5.3 Water level as downstream boundary 
There was no data for use as a downstream boundary of the study section i.e., 
where the Säveån river flows out to Göta Älv. Some analysis was done to 
find a representative value to use as water levels at this point, and a station at 
the Gothenburg harbor (Göteborg-Torshamn or GBGTOR) owned by the 
Swedish Meteorological and Hydrological Institute (SMHI) was used as a 
basis. The station is located at the downstream end of Göta Älv River and is a 
bit outside of the mouth of the river as seen in Figure 5.4. The station 
contained water levels at this point which were initially measured every hour, 
but in recent years were measured more frequent i.e. every 10 minutes and 
spanned from 1967 to 2012. 
 
 
Figure 5.4: Google Earth view showing Göteborg-Torshamnen station (SMHI pegel) and 
downstream of Säveån, where the river joins with Göta Älv 
 
A correlation was done between the flows from upstream of the study section 
of Säveån and the water levels at the Gothenburg harbor to find any 
dependencies between the two as seen in Figure 5.5. The time span for the 
water levels was matched with the available data from Säveån i.e. 2006 to 
2010. It was found that the two variables produce a large scatter and little 
correlation with a low coefficient of determination. This concludes that the 
water level in the harbor and the flow from Säveån are independent variables 
and that the probabilities of a certain combined event may be obtained as the 
product of the probability of the individual events. 
Gothenburg 
harbour 
38 
 
 
 
Figure 5.5: Water level in the harbor versus Säveån river flow for the period 2006 – 2010 
 
It could be imagined that there would be some influence from Göta Älv, so 
that a large runoff from Säveån would be accompanied by a large runoff from 
Göta Älv, with higher water levels at the mouth of Säveån. But if there is any 
such effect, it is not seen by the GBGTOR data. Also water level at the 
GBGTOR is dependent on the westerlies that push sea water into the river. 
There are situations when the westerlies are combined with high river flows 
due to heavy rain. 
 
Furthermore, the entire time series (hourly values) water level data from 1967 
to 2012 for GBGTOR was analyzed in order to estimate the probability of 
specific water levels as seen in Figure 5.6. 
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Figure 5.6: Water level time series for the GBTOR station for the whole time period of 1967- 
2012 
 
The water levels refer to the mean sea level since the mean water level was 
subtracted from the series. The results reveal water levels of average 0 m but 
fluctuate between -0.5 m and 0.5 m. Säveån is located upstream and 
calculations indicate that on average the water level is 0.2 m higher at this 
point of exit to Göta Älv. 
 
5.4 Schematization of river system 
The study reach was divided into cross sections spaced 500 m apart starting 
upstream at just downstream of Jonsered hydropower station and ending at 
the outlet to Göta älv. The schematization was done in ArcGIS using the 
HEC-GeoRAS tool which extracts data for use with HEC-RAS. The 
upstream side of the river is characterized by meanders but gets straighter as 
it approaches downstream. 
 
The river modeled section is about 13 kilometers and the river centerline is 
plotted using HEC-GeoRAS and a map of the area, starting from upstream at 
the downstream of Jonsered hydropower station to the outlet at Göta Älv. 
Cross sections are drawn and named with reference to the distance from the 
downstream, with upstream starting at cross section 13183.5 and last 
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downstream cross section at 206.9.  The cross sections in-between are taken 
at 500 m intervals starting from cross section 13000 to cross section 500. The 
cross sections were further interpolated in HEC-RAS at intervals of 100 m, 
with an exception of river station 13000 to 12500 which is interpolated at 
intervals of 50 m for a more smooth transition of the bathymetry before 
simulations are carried out. The following figures (Figure 5.7 to Figure 5.14) 
shows the schematization of the river with photos of typical river section 
within the given reaches, starting upstream from river station 13183.5 to the 
downstream station 206.9. 
 
 
Figure 5.7: Säveån river study reach from section 13183.55 to section 10500. The brown 
spots show sediment sampling points 
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Figure 5.8: Typical river section at schematized cross section 11500 (Photo by Magnus 
Larson) 
 
 
Figure 5.9:  Säveån river study reach from section 10000 to section 7000. The brown spots 
show sediment sampling points 
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Figure 5.10: Typical river section at schematized cross section 9000 (Photo by Gasper 
Sechu) 
 
 
Figure 5.11: Säveån river study reach from section 6500 to section 3500. The brown spots 
show sediment sampling points 
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Figure 5.12: Typical river section at schematized cross section 4500 (Photo by Gasper 
Sechu) 
 
 
Figure 5.13: Säveån river study reach from section 3000 to section 206.9 
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Figure 5.14: Typical river section at schematized cross section 2500 (Photo by Gasper 
Sechu) 
 
The river bed elevations start upstream at around 2.5 meters above sea level 
(msl) and increase to a maximum of about 3 msl at around cross section 
12000. The elevations then gradually decrease to about -2.8 msl at the 
downstream end where the river discharges to Göta Älv. Figure 5.15 shows 
the longitudinal profile of the study area. The elevation data is for the year 
2014 and is was collected by Clinton Mätkonsult AB, for SGI (Pedersen, et 
al., 2014). 
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Figure 5.15: Channel bottom profile of the Säveån study section 
 
5.5 Sediment data 
Data was collected and analyzed for particle size distribution and the results 
were used for this study. The sediment is mostly fine with most grain sizes 
characterized between fine sand and clay. This is an important aspect in 
selecting the sediment transport function to use for the analysis as different 
functions were developed using grain size ranges. The grain size distributions 
for different sampling points are given in Table 5.2 adopted from HEC-RAS 
grouping of grain classes. 
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Table 5.2: Grain size distribution from sampling points within the study section 
 
 
Four sampling points for sediment data within the study reach; 14CL014S, 
14CL012S, 14CL007S and 14CL004S were used in the simulations. These 
sampling points are located just downstream of cross sections 13000, 10500, 
9000 and 6000 respectively as shown in schematization diagrams in Figure 
5.7, Figure 5.9 and Figure 5.11. The grain size distribution graphs are given 
in Figure 5.16. 
Grain diameter
lower bound - upper bound
(mm)
Clay 0.002 – 0.004 1.4 2.4 2.8 6.5
Very fine silt 0.004 – 0.008 1.5 3.2 4.6 8.6
Fine silt 0.008 – 0.016 1.8 3.9 6.3 10.4
Medium silt 0.016 – 0.032 2.0 5.5 10.5 14.3
Coarse silt 0.032 – 0.0625 2.3 9.2 16.7 19.0
Very fine sand 0.0625 – 0.125 5.9 28.3 44.7 38.2
Fine sand 0.125 – 0.25 39.0 85.8 93.8 76.8
Medium sand 0.25 – 0.5 92.3 99.3 99.2 95.1
Coarse sand 0.5 - 1 98.9 99.7 99.6 97.0
Very coarse sand 1 - 2 99.4 99.9 99.9 98.1
Very fine gravel 2 - 4 99.9 100.0 100.0 98.8
Fine gravel 4 - 8 100.0 100.0 100.0 99.5
Medium gravel 8 - 16 100.0 100.0 100.0 100.0
Coarse gravel 16 - 32 100.0 100.0 100.0 100.0
Very coarse gravel 32 - 64 100.0 100.0 100.0 100.0
Grain classes 14CL014S 14CL0012S 14CL007S 14CL004S
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Figure 5.16: Grain size distribution for the sediment data used in the study 
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6 Model simulations 
Prior to model simulations model setup was done. This included exporting 
cross sectional bed data from HEC-GeoRAS to HEC-RAS. Two simulation 
capabilities were used in HEC-RAS and these are steady flow simulation and 
sediment transport simulation. With steady flow simulation, geometry data 
(cross sectional bed data) and steady flow data is used. Sediment transport 
simulations required geometry data, quasi-unsteady flow data and sediment 
data. Quasi-unsteady flow is essentially discharge at given intervals and 
therefore the time series flow data for Säveån was used. Erosion and bank 
stability studies were simulated using the model SLOPE/W. 
 
The simulations started with a series of hydrodynamic flow simulations using 
mean river flow for the study section. This was performed using steady flow 
simulation function in HEC-RAS. The results enabled sensitivity and extreme 
event analyses of the study section. This was followed by sediment transport 
simulations of the study reach. The results were analyzed to quantify the 
sediment transport along the river.  Furthermore, results from the sediment 
transport simulations were used as input to SLOPE/W. They were used to 
assess and quantify the effect that sediment transport has on river bank 
stability. Finally, some further simulations were carried out by HEC-RAS to 
determine some climate change effects on the sediment transport. 
 
For an initial hydrodynamic simulation run with the mean river flow 24 m
3
/s, 
some hydraulic parameters i.e. the water surface elevation, channel velocity 
and total shear stresses are plotted (Figure 6.1 to Figure 6.3 respectively) for 
the study section. 
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Figure 6.1: Water surface elevations throughout the study section for mean flow simulation 
 
 
Figure 6.2: Average channel velocity throughout the study section for the mean flow 
simulation 
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Figure 6.3: Average bed shear stress throughout the study section for the mean flow 
simulation 
 
At the upstream end, the simulated water surface elevation is at about 4.95 
msl and decreases gradually to a downstream water level of 0.2 msl. A sharp 
decrease in the water level occurs roughly between cross section 12500 and 
12000, and this is due to the rise in the bed elevation from cross section 
12500 to cross section 12000. The highest channel velocity, 1.1 m/s occurs at 
around cross section 12000 and the lowest, 0.2 m/s occurs at the most 
downstream cross section. Likewise, the highest shear stress, 22.5 N/m
2
 
occurs around cross section 12000 and the lowest, 0.5 N/m
2 
occurs at the 
most downstream cross section. 
 
6.1 Sensitivity analysis 
Since the water levels at the downstream end of the study reach are uncertain, 
a sensitivity analysis was carried out to test how the model performs with 
variation of the downstream water levels, where the Säveån meets Göta Älv. 
Steady flow simulations were carried out for the average flow between the 
applied flow data of 2006 to 2010 which came up to 24 m
3
/s and the 
downstream boundary condition varied. Steady flow simulations using 
subcritical flow conditions do not require an upstream boundary in HEC-
RAS. To assess the sensitivity of the model due to the uncertainty in the 
downstream water level, the variation in the total shear stress along the study 
reach was used since it is the parameter of interest when it comes to sediment 
transport. Simulations were done for downstream water levels of 0.2 m which 
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is taken as a representative level, and water levels 0.5m above and below 0.2 
m i.e. 0.7 m and -0.3 m respectively as given in Figure 6.4. 
 
 
Figure 6.4: Total shear shear stess variation throughout the river reach as a result of 
varying the downstream water level 
 
From Figure 6.4 it can be drawn that the shear stress variation due to the 
change in downstream water levels gets more pronounced downstream of the 
river reach. Also the shear stress decreases as a result of increasing the 
downstream water level and vice versa. The changes in the shear stresses are 
however significant with the most pronounced change at around river station 
2000, where the shear stress is around 4 N/m
2
 for 0.2 m downstream water 
level, 2 N/m
2
 and 7 N/m
2
 for 0.7 m and -0.3 m downstream water levels 
respectively. But the changes are rather small at the point of interest, which is 
the upstream side of the river reach. Due to this, the downstream water level 
of 0.2 m is therefore used as a constant boundary condition for the sediment 
transport simulations that follow. 
 
6.2 Flows and water levels during extreme events 
HEC-RAS steady flow simulations were done for the average flow of 24 m
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/s, 
50 year return flow of 150 m
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downstream boundary condition is established as 0.2 m. The water surface 
profiles as a result of the simulations are given in Figure 6.5. 
 
 
Figure 6.5: Water surface elevation from steady flow simulations showing the average flow 
and extreme events simulations 
 
The water surface profile rises significantly as a result of 50 and 100 year 
return flow simulations. The water surface elevations in each cross section 
are given in Appendix 1 for better visualization. The significant rise in the 
water surface elevation due to the return floods leads to a high risk of 
flooding as seen for example in cross section 7500 in Appendix 1. 
 
6.3 Sediment transport and erosion during extreme events  
Sediment transport was also simulated for the extreme flooding events. 
Figure 6.6 gives the total shear stress variation results from HEC-RAS 
simulations for the steady flow simulations with average flow, 50 year return 
flood and 100 year return flood profiles. 
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Figure 6.6: Steady flow simulation showing the total shear stress variation as a result of the 
average flow and extreme events simulations 
 
The results reveal a substantial increase in the shear stress throughout the 
study reach due to simulations of the two extreme events. This in turn comes 
with more erosive capability as a result of sediment transport. 
 
A sediment transport, mobile bed computation simulation is also done for 
extreme events, and the results given in Figure 6.7. 
 
 
Figure 6.7: Sediment spatial plot showing the variation of sediment discharge for the 
extreme events in comparison to the average flow 
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river station at 12500, the simulation predicts sediment loads of 160 tons/day 
for the average flow, 840 tons/day for the 50 year return flood and 880 
tons/day for the 100 year return flood. 
 
6.4 Annual sediment transport along the river 
Annual sediment transport can be taken as the amount of sediment that leaves 
the study reach within a year. By studying the HEC-RAS sediment transport 
results from the most downstream river section in the model schematization 
i.e. station 206.9, the time series trend for the sediment discharge gives the 
sediment load leaving the river in time. Figure 6.8 gives the sediment 
discharge in tons/day time series at the downstream river station 206.9 where 
the Säveån meets Göta Älv, which is then the rate out from Säveån to Göta 
Älv. Additionally, in order to study the amount of sediment that has eroded 
or deposited within the river in time, the sediment discharge rate at the 
upstream river station 13183.5 is also given in Figure 6.9. 
 
 
Figure 6.8: Sediment discharge time series taken at the most downstream river section 206.9 
for the simulation period 2006-2010 
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Figure 6.9: Sediment discharge time series taken at the most upstream river section 
13183.55 for the simulation period 2006-2010 
 
From Figure 6.8, the sediment discharge leaving the river varies from season 
to season depending on the flows and the trend can be compared to the time 
series flow data applied at the upstream boundary given in Figure 5.1. 
Sediment discharge peak values occur in time where there are also peak 
flows according to the flow data applied. The biggest sediment load occurs 
around December 2006 at around 190 tons/day and around February 2008 
with 150 tons/day, with the times being in line with the flow time series 
peaks. 
 
In order to analyze the total sediment transport during the years, the daily 
sediment load discharge at the downstream river station 206.9 (Figure 6.8) 
are cumulated yearly as given in Figure 6.10. 
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Figure 6.10: Cumulative sediment discharge time series in tons taken at the most 
downstream river section 206.9, for the simulation period 2006-2010 
 
The results for annual sediment discharge vary from year to year as seen in 
Figure 6.10. The observed values are 3,750 tons/year, 700 tons/year, 2,850 
tons/year, 100 tons/year and 140 tons/year for years 2006, 2007, 2008, 2009 
and 2010 respectively. Table 6.1 compares the annual sediment transport 
with the mean and maximum flows for each of the simulation years. It is 
observed that years with high maximum flows correspond with large values 
of the sediment transport, the highest being the flooding year of 2006 which 
had the highest annual sediment transport of 3,750 tons. 
 
Table 6.1: Annual sediment transport and corresponding mean and maximum flows 
Year Sediment transport (tons/year) Mean flow (m
3
/s) Max flow (m
3
/s) 
2006 3,750 27 108 
2007 700 27 63 
2008 2,850 33 99 
2009 100 16 51 
2010 140 19 56 
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leaving the river) and the most upstream cross section (which is the sediment 
load entering the river), the results give the net annual sediment budget for 
the simulation years as seen in Figure 6.11 below. 
 
 
Figure 6.11: Net annual sediment budget for the Säveån study section 
 
The results reveal that only the year 2006 has net annual sediment erosion of 
1,097 tons with the rest of the years having net annual sediment deposition as 
seen in Figure 6.11. The reason for this can also be related to the flooding 
event in the simulation year 2006 which gave rise to high amounts of 
sediment discharge compared to the subsequent simulation years. 
 
6.5 River stretches sensitive to long-term erosion 
Furthermore, river stretches that are sensitive to long-term erosion are 
analyzed as a prelude to finding sections to analyze for slope failure. HEC-
RAS sediment spatial plot is used to visualize the channel invert variation in 
time ( Figure 6.12) and the cumulative mass bed change in time (Figure 6.13) 
as a result of sediment transport simulations. The channel invert is 
investigated after every one simulation year, starting from the start of the 
simulation 2006-01-10 to the end at 2010-12-31. 
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The observed channel inverts reveal that the river section 12500 has the most 
progressive erosion trend. For visualization of the erosional changes in the 
station 12500, Figure 6.14 gives the cross sectional bed changes in time. The 
bathymetric changes are given yearly from start of simulation 2006-01-10 to 
2010-12-31. For a better view of the bed changes in time, Figure 6.15 shows 
the river channel magnification derived from Figure 6.14. 
 
 
Figure 6.14: Cross section of the river station 12500 showing the change in the bathymetry 
due to erosion 
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Figure 6.15: Magnification of the river channel at cross section 12500 
 
The section is further analyzed using a time series to find the amount of mass 
that has eroded in time as seen in Figure 6.16. 
 
 
Figure 6.16: Sediment time series showing the variation of the cumulative mass bed change 
for the river section 12500 
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sign in the curve shows that the section is eroding. The cumulative eroded 
mass at this section accumulates to around 53000 tons. Note that some of this 
eroded mass will be accreted at further downstream river stations but the 
focus of this project is on the eroding sections. 
 
6.6 Implications of erosion for bank stability and slope failure 
The implications of the erosion to the river bank stability will be analyzed for 
the most eroded river station i.e. 12500. This section is analyzed as an 
example and the other eroding sections may be evaluated as needed. The 
results from HEC-RAS are used as a basis, and the model GeoStudio is used 
for the analysis of the slope failure. GeoStudio is geotechnical modelling 
software with various products, and the specific product that can analyze 
slope stability is the SLOPE/W. 
 
SLOPE/W has a lot of options but for simpler understanding of its capacity, it 
can be divided into five components which have been classified to help 
understand the model while formulating a problem (GEO-SLOPE 
International Ltd, 2012).  These include: 
 
 Geometry – this provides the depiction of the shape and stratigraphy 
of the potential slip surface. 
 Soil strength – these are factors used to describe the soil material 
strength. 
 Pore-water pressure – this gives the possibility to describe the pore-
water pressure conditions in the soil. 
 Reinforcement or soil-structure interaction – these include anchor 
elements such as nails, piles, walls, fabric and so forth that may be 
included in the model. 
 Imposed loading – includes anything superimposed such as a 
surcharge load or an earthquake loading. 
 
The model uses the method of slices which dissects the slip surface into a 
number of slices and during simulation it balances forces acting on every 
individual slice (GEO-SLOPE International Ltd, 2012) as seen in Figure 6.17. 
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Figure 6.17: SLOPE/W model setup showing dissection of the slip surface into slices and 
balance of forces on a slice 
 
The bank stability is analyzed using yearly cross sectional bathymetric 
changes due to erosion caused by sediment transport. Six simulations are 
conducted for the left bank of station 12500, starting with the initial 
bathymetry taken with flow data for 2006-01-10 (Figure 6.18). The bank 
stability is simulated using the bathymetric changes observed at the end of 
the years 2006, 2007, 2008, 2009 and 2010 respectively. The safety factor for 
failure is used as a basis to quantify the yearly loss in stability due to erosion. 
  
 
Figure 6.18: Results from SLOPE/W showing the analysis of the slope stability for the base 
time 2006-01-10 with given safety factor 
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The safety factor at the start of simulations is 1.267 as seen in Figure 6.18. 
Also the red area in the figure indicates the safety map, under which slip 
surfaces with similar factors of safety could develop. The analysis for the 
other years is given in Appendix 2. Table 6.2 gives the factors of safety as 
observed from the analysis of bank stability. 
 
Table 6.2: Factors of safety observed from analysis of the bank stability using SLOPE/W 
Time Factor of Safety 
2006-01-10 1.267 
2006-12-31 1.263 
2007-12-31 1.26 
2008-12-31 1.256 
2009-12-31 1.254 
2010-12-31 1.252 
 
From the results, it can be drawn that, the factor of safety reduces on average 
0.003 every year due to erosion caused by sediment transport. If the rate of 
erosion persists, it could lead to safety factors below 1.0 in about 89 years 
(2095) from the beginning of the simulation (2006) which may then result in 
bank failure. 
  
6.7 Climate change effects 
Climate change is becoming a major concern in studies of the natural 
systems. So much uncertainty comes with climate change and most studies 
only give estimations of scenarios that may or may not occur. In this study, 
the interest lies on the effect of climate change to the flow and sediment 
transport in the Säveån. The data was extracted from a study done by SMHI 
on climate changes analysis (Persson, et al., 2011). Figure 6.19 shows river 
flow data as a result of climate change simulation scenarios. The data consists 
of plotted flow simulations for the period 2021-2050 that was a result of 16 
climate scenarios and simulation period 2069-2098 that was a result of 12 
climate scenarios and these are compared to a reference period of 1963-1992. 
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Figure 6.19: Säveån river  change in the seasonal dynamics of the total inflow for the period 
2021-2050 and the period 2069-2098 compared to the reference period 1963-1992 (Persson, 
et al., 2011) 
 
The data was subjected to a one year simulation in HEC-RAS to compute the 
amount of sediment transport that would occur for the two climate simulation 
periods as compared to the established reference period (Figure 6.20). 
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Figure 6.20: Sediment discharge at the downstream cross section 206.9 due to simulation of 
the climate change scenarios and reference period 
 
The results reveal higher sediment discharge with simulation of climate 
change scenarios as compared to the reference period. The annual sediment 
discharge from the river comes up to 86 tons, 233 tons and 522 tons for the 
reference, 2021-2020 and 2069-2098 simulation periods respectively. This 
concludes that climate change is accompanied with higher flows and 
sediment transport respectively. 
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7 Discussion 
The HEC-RAS hydrodynamic simulations for the extreme events reveal a 
significant rise in the water level within the study reach. The 3 to 4 meter rise 
in the water level can be interpreted as a sign of flooding and inundation. 
Flooding protection measures are required to overcome catastrophes that 
come with these events and further studies on costs associated with these are 
highly recommended. 
 
The sediment transport simulations on the other hand reveal an irregular 
pattern in the yearly annual sediment budget leaving the study section. The 
biggest sediment discharge occurred in 2006 with about 3750 tons/year of 
sediment leaving the river. This is the same year that had the highest flows 
due to flooding that occurred in December. These results should however be 
taken with caution due to lack of sediment discharge observations for 
calibration and validation of the model. It is therefore recommended as an aid 
for future studies, that more gauging stations are added to the river reach and 
that sediment load data be prioritized along with flow and stage data. 
Furthermore, apart from simulation year 2006 which gave net annual erosion, 
all the other subsequent simulation years revealed a net annual deposition. 
Net deposition does not necessarily mean that the river does not erode, but 
could also be that some areas are eroding sediments and depositing before 
they leave the river. 
 
One river station was found to be eroding at a faster rate than the others, i.e. 
station 12500 and was therefore used an example for slope stability. The bank 
slope analysis from SLOPE/W gave an average yearly loss in the factor of 
safety of about 0.003 for the left bank. This value is theoretical and should be 
used as an initial estimate only. It is suggested that this station is given a 
more detailed geotechnical study, which should go hand in hand with 
suggestions for stabilization. 
 
And finally, the climate scenario simulations show an increasing amount of 
sediment transport in the river with climate change. With increasing river 
flows, sediment discharge is bound to increase and this will most likely lead 
to erosion and bank stability problems within Säveån.  
68 
 
Conclusions 
The focus of the report was to estimate the transport of sediment within the 
Säveån and extend this to find its implications on erosion and bank stability. 
The scope extended to find some climate change effects on the flow and 
sediment transport within the river. 
 
The approach was the use of ArcGIS in combination with Hec-GeoRAS to 
map out the river and extract cross sections from a Digital Elevation Model 
(DEM) of the river. HEC-RAS was then used for the simulation of the river 
steady flow modeling and sediment transport mobile bed computations. The 
river flow data was available for years 2006 to 2010 and bathymetry data was 
for the year 2014. HEC-RAS satisfactorily simulated the flows and water 
levels for the average flow and extreme flows within the study river reach. 
 
Sediment transport simulations showed schematized river section 12500 as 
the most erosive river section and further slope stability analysis were done at 
this location as an example. The simulations for the slope stability were 
carried out using the model SLOPE/W. The estimated yearly loss in factor 
safety of 0.003 for the left river bank at this point suggests that the bank will 
collapse within about 89 years from the beginning of the simulation. 
 
With climate change, simulations were done using flow data obtained from 
climate scenarios for the years 2021-2050 and the years 2069-2098. These 
were compared with data from a reference climate period 1963-1992. The 
results suggest an increase with sediment discharge of more than half from 
the reference period to the climate period 2021-2050 and again more than 
double the increase from time period 2021-2050 towards the end of the 
century. 
 
Finally, as a recommendation, it could be of great value that Swedish rivers 
including the Säveån be equipped with measurements of sediment loads to 
ease the calibration process in estimation of sediment transport.  
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Appendices 
Appendix 1: Cross sections from HEC-RAS hydrodynamic simulations 
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Appendix 2: Cross sections from SLOPE/W analysis 
 
 
Results from SLOPE/W showing the analysis of the slope stability for the base time 2006-12-
31 with given safety factor 
 
Results from SLOPE/W showing the analysis of the slope stability for the base time 2007-12-
31 with given safety factor  
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Results from SLOPE/W showing the analysis of the slope stability for the base time 2008-12-
31 with given safety factor 
 
Results from SLOPE/W showing the analysis of the slope stability for the base time 2009-12-
31 with given safety factor 
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Results from SLOPE/W showing the analysis of the slope stability for the base time 2010-12-
31 with given safety factor 
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